The evolution of symmetric extragalactic radio sources can be characterized by four distinct growth stages of the radio luminosity versus source size of the source. The interaction of the jet with the ambient medium results in the formation and evolution of sources with non-standard (flaring) morphology. In addition, cessation or restarting of the jet power and obstruction of the jet will also result in distinct morphological structures. The radio source population may thus be classified in morphological types that indicate the prevailing physical processes. Compact Symmetric Objects (CSOs) occupy the earliest evolutionary phase of symmetric radio sources and their dynamical behavior is fundamental for any further evolution. Analysis of CSO dynamics is presented for a sample of 24 CSOs with known redshift and hotspot separation velocity and with a large range of radio power. Observables such as radio power, separation between two hotspots, hotspot separation velocity and kinematic age of the source, are found to be generally consistent with the self-similar predictions for individual sources that reflect the varying density structure of the ambient ISM. Individual sources behave different from the group as a whole. The age and size statistics confirm that a large fraction of CSOs does not evolve into extended doubles.
Introduction
The morphological shape of all extragalactic radio sources is characterized by distinct structural components that may be more or less prominent. The jet-hotspot-lobe-cocoon structure of the largest classical double sources has first been classified in two distinct populations (Fanaroff & Riley 1974 have lower radio powers and less wellconfined outer lobes energize by a lossy jet and hotspots that are at less than 50 percent of the total extent of the source. Their outer structure becomes a flaring, meandering plume that is shaped by the motion of the galaxy or by internal fluid instabilities. A typical FR I source 3C 31 has a relatively prominent inner jet and filamentary plumes extending 300 kpc (Laing et al. 2008) . In contrast, FR II sources have higher radio luminosity and well-defined outer lobes that surround faint jets and very prominent hotspots at more than 50 percent of the source extent. FR II sources also exhibit extended cocoon structures in low-frequency interferometric images. An archetypal FR II source, Cygnus A exhibits two symmetric edge-brightened lobes spanning over 160 kpc, a prominent hotspot at the leading edge of each lobe, but with a weak flat spectrum core and intervening jets (Carilli & Barthel 1996) . This FR classification reveals a morphological sequence that relates to the ability of a jet to transport and deposit momentum and energy at the leading edge of the lobe. These large-scale Symmetric Objects (LSO) form an extended family together with Medium-sized Symmetric Objects (MSO) and the smallest Compact Symmetric Objects (CSOs), which represent the earliest development phase for all double sources. Scaling up in age and size from CSOs, the MSO group comprises of the GHz-Peaked Spectrum (GPS) sources (Fanti et al. 1990; O'Dea 1991) (review O'Dea 1998; Fanti 2009 ), the Compact Steep-Spectrum (CSS) sources (Peacock & Wall 1982) (review Fanti & Fanti 1994; Fanti 2009) .
A further morphological group of core-jet Blazar sources with jets pointing at the observer includes BL Lac Objects, High Polarization Quasars and Optically Violent Variable Quasars.
The structural and spectral characteristics of radio sources are determined by the power of the source, the local environment of the host galaxy, and the evolutionary age. In this respect, the compact and supposedly young CSOs (and GPSs) are critical for understanding the rest of the radio source population. Their compactness has been attributed to two distinct scenarios: (1) the youth scenario (e.g. Phillips & Mutel 1982; Fanti et al. 1995) suggests that they are in an early evolutionary stage, and may continue to grow to Mpc-scale extended radio sources, and (2) the frustration scenario (e.g. van Breugel et al. 1984; O'Dea 1991; Carvalho 1994; Carvalho 1998) suggests that their growth is retarded (stagnated) by the dense Interstellar Medium (ISM) within the host galaxy. Both scenarios may apply for CSOs (and GPSs) as they relate directly to the power level and the duration of the nuclear activity. Young sources with persistent long-term nuclear activity will continue to grow and eventually become LSO doubles. Other young sources may stagnate because of intermittent behavior of the nuclear activity and the jet power at any time during their evolution (Reynolds & Begelman 1997; Kunert-Bajraszewska et al. 20 The complicated fluid and radiative behavior of extra-galactic sources driven by the jet outflows has been modeled using self-similarity of the flow pattern as it evolves and moves away from the host galaxy into regions with lower ambient densities. Using such simplified models for well-defined doubles, the radio luminosity and spectral characteristics as a function of density gradient and the size of the source have been considered by a number of authors (Carvalho 1994; Kaiser & Alexander 1997; Carvalho 1998; Kaiser & Best 2007) . The advancing motion of the lobes and hotspots is fully determined by the momentum carried by the jets, the locations of shocks in the jets, hotspots and lobes, and the density structures of the ISM of the host galaxy and the Inter-galactic Medium (IGM). On the other hand, the morphological radio structure of FR I-like sources is very different from the structure of FR II-like sources. After the formation of a weak hotspot at a certain distance from the nuclear engine, the flow is conically confined and forms a flaring (and meandering) structure extending for a large distance, as modeled for the well-known FR I source 3C31 (see Wang et al. 2009 ).
The current investigation considers the observable properties of a well-defined sample of CSO sources, in order to determine their structural evolution with time. The observable properties of CSO are important to understand the early evolution of radio sources and how they evolve into the larger population of extra-galactic radio sources. Earlier modeling using selfsimilarity of the shape of the FR II-like radio sources assumed a constant separation velocity of the radio hotspot. However, analytic modeling of the expansion of hotspot and cocoon indicates that the radio sources experience a deceleration from CSO to MSO phases, and an acceleration process from MSO to LSO-FR II phases (Kino & Kawakatu 2005; Kawakatu & Kino 2006 ). While such a trend would also follow from simple dynamical analysis and from the analogies with fluid dynamics, the hotspot separation velocity will be one of the observables in the study the earliest CSO stage.
The radio morphology of all members of the family of radio sources represents the evolutionary stage of the source but also reveal symptoms of survival or demise. In order to connect the early evolution of CSOs with the later evolution of the radio source family, the physical processes that determine the morphology and the radio properties will be used to further classify the evolutionary phenomenology. Seven morphological types within the CSO, MSO, LSO family are used to incorporate and describe what may happen to extra-galactic radio sources during their life time.
This paper presents the following components: a description of the dynamical evolution of extra-galactic radio sources and the place of CSO sources within a morphological classification scheme (Section 2), a description of the observational data and the CSO sample used for this work (Section 3), the observed dynamic changes of CSO sources (Section 4), the statistics of the CSO sample (Section 5), and conclusions (Section 6).
Evolution of the Radio Structure
The variation of the radio power P rad versus the total extent of the source D for the whole family of extra-galactic radio sources serves to further understand their evolutionary characteristics (Fig. 1) . Such diagrams have been presented earlier in 3 the literature (e.g. Kunert-Bajraszewska et al. 2010) .
The current (P rad − D) diagram contains similar but also different groups of data points than earlier versions, particularly for the region of early development of CSO radio sources. A sample of low-power GPS sources ) has been included in the bottom-left corner of the diagram, as likely precursors of the lowpower MSO sources (? ). In addition, there are more data points for the group of low-power FR Is (< 10 24 W/Hz) Fanti et al. 1987; Fanti et al. 2001 ).
Evolution of radio doubles
The dynamic evolution of extra-galactic double radio sources is characterized by observables such as the kinetic power provided to the lobes, the total extent of the source, the advancing velocity of the terminal hotspots and the outer lobes, and depends on the density gradients of the ambient medium in the host galaxy along the path of the jets and the lobes. Modeling of the hotspots, the lobes, and the bow-shock has been done using self-similarity arguments to maintain the overall shape of a symmetric double source (e.g., Begelman & Cioffi 1989; Begelman 1996; Carvalho 1994; Carvalho 1998; Kaiser & Alexander 1997; Kaiser & Best 2007) .
The radiative properties of the structural components are determined by the balance between the particle energy density, adiabatic losses resulting from expansion into lower pressures regions, and at later stages the evolving energy density of the magnetic fields in the hotspots and lobes, and the energy density of the Cosmic Microwave Background (CMB). The radiative properties of the hotspots and the well-confined lobes may thus be derived from modeling (Kaiser & Alexander 1997; Kawakatu & Kino 2006; Kaiser & Best 2007) , although the assumption of self-similarity limits the interpretation of some observable parameters.
The density gradient along the path of the jet (i.e., in the direction perpendicular to the galactic plane) plays a dominant role during the early evolution of radio sources. The general form used for this gradient is ρ(z) = ρ 0 (a 0 /z) β (King 1972) , where ρ 0 and a 0 are the reference density and the scale length of the ISM and the IGM, respectively. Observational data of elliptical galaxies, galaxy groups and clusters suggest a double-β model (Xue & Wu 2000; Fukazawa et al. 2004 ) with an innermost atmosphere of roughly constant density and a steepening density profile beyond a 0 . A transition at a 0 ≈ 1 kpc from the galactic ISM (β ≈ 0) to the IGM (β ≥ 1.5) (Kaiser & Best 2007 ) is confirmed by the observed discontinuity of the hotspot radius to arm length relation (Kawakatu et al. 2009 ). However, a 0 can become significantly larger for certain galaxies.
Stages of evolution of radio doubles
The existing literature provides a fundamental understanding about the dynamical evolution of FR II-like double radio sources. Although there is no full agreement about the actual parameterization of this evolution, four evolutionary radiative stages for a source with constant jet power P src may be identified that are related to the dominant physical processes (see Kaiser & Best 2007) : Phase 1 -CSO -The radio luminosity evolution in this stage of CSOs and compact GPS sources is characterized by a flat density profile (up to a source size of about 1-3 kpc) with β = 0. During this first stage adiabatic losses in the hotspots and lobes dominate the energy dissipation process as the embedded B-fields are not yet strong enough to cause dominant synchrotron radiation losses. The radio power increases with time as P rad ∝ t 2/5 and with the source size as
because of a steady increase in the conversion efficiency from jet kinetic power to radiative power. The spectrum should be steep with index α = 1.0. Phase 2 -MSO-1 -This stage of extended GPS and more compact CSS sources occurs in the transition region (a 0 = 1 − 3 kpc and β ≈ 1) between the inner galaxy with a flat density profile and the outer galaxy with a steeper profile. During this phase there is a balance between adiabatic losses and synchrotron losses in the hotspots and lobes. The radio luminosity varies as P rad ∝ D 0 . The radio spectrum is again rather steep with α = 1.0. Phase 3 -MSO-2 -The third stage is mostly occupied with CSS sources for which the synchrotron losses resulting from entrained B-fields dominate the adiabatic expansion losses resulting from the steep density gradient (a 0 ≥ 3 kpc and β ≥ 1.5) of the external (inter-)galactic environment. The radio luminosity decreases steadily with source size as P rad ∝ D (8−7β)/12 = D −0.2 , while the radio spectrum would be relatively flat with α = 0.5. and the radio spectra are steep with α = 1.0. This phase may start around 100 kpc, where the inverse Compton losses resulting from the CMB energy density dominate over the synchrotron losses. The above described evolutionary stages have been depicted in the luminositysize (P rad − D) diagram of Figure 1 for two representative power levels, that represent a complete CSO-MSO-LSO luminosity evolution. Along these evolutionary tracks it is assumed that the jet power P src remains constant during the whole evolutionary lifetime until the LSO FR II stage is reached. The shape of this radio power P rad track is fully determined by the (β − D) relation.
Jet stability and flaring sources
The P rad − D evolution of FR I-like flaring sources can partially coincide with that of the well-defined FR II-like double;sources. During the flaring stage the self-similar modeling for the morphology and the radiative properties would apply. Although both may coexist in the same region of the (P rad − D) diagram, the (downward) evolutionary tracks of flaring sources are determined by the lower radio power and the cooling of the expanding radio structures.
The stability of the jet flow and the interaction with the ambient material determine the efficiency of the energy and momentum transport to the lobes as well as the relative radio prominence of the jets and the lobes. After the oblique (reconven-ing) shock at the base of the jet converts the expanding flow profile to a nearly parallel (cylindrical) flow, a relativistic flow may persist over a long distance until eventually a decelerating shock forms at the entry of the lobe. High-power jets with laminar flow are most efficient for transporting the energy and momentum, which makes the jet mostly invisible in the radio maps of most prominent FR II-like doubles.
A fluid boundary layer exists between the supersonic and relativistic core of the jet flow and the stationary ambient medium that forms the velocity gradient from maximum to minimum velocity. This boundary layer dissipates kinetic energy because of viscous entrainment and fluid instabilities. With distance traveled the boundary layer grows in thickness and at a certain characteristic scale length after the confining shock this initially laminar boundary layer becomes turbulent, which further increases the entrainment and the momentum loss and weakens the jet. Eventually the boundary layer occupies the whole width of the jet. Under normal conditions, the supersonic jet with boundary layer forms a stagnation standing shock in the lobe (Kaiser & Alexander 1997; Wang et al. 2011) , which defines the location of the hotspot. However, a jet with a boundary layer reaching its centerline has lost much of its energy and momentum and fails to form a standing shock at a stagnation point. This jet ceases to supply sufficient energy and momentum to the lobe, which becomes diffuse and undefined as in FR I sources (Wang et al. 2009 ).
Stability analysis of the jet flow within the ambient medium predicts the distance at which the boundary layer has grown to cover the whole width of the jet (Kaiser & Alexander 1997; Wang & Kaiser 2008; Wang et al. 2011 ). This distance may be expressed as:
where the proportionality constant varies with the jet power and the properties of the density profile (Kaiser & Alexander 1997) . This distance forms a specific boundary in the P rad − D diagram, beyond which the jets become ineffective in supplying energy and momentum to the lobes. Noting that the shape of this boundary in the P rad − D diagram (as a function of jet travel distance) remains model dependent, a representative boundary region has been entered in Figure 1 (denoted by two black dotted lines) using the same β − D variation as used for the radio luminosity tracks. The vertical scaling of this region, which varies with the environmental parameters and the jet power, is not welldetermined and has been chosen to incorporate some prominent FR I sources (3C31 with z e = 3.5 kpc and P rad = 2.0e24 W/Hz and 3C449 with z e = 17 kpc and P rad = 1.12e24 W/Hz) and matches the FR II -FR I boundary at larger values of D. Evolutionary tracks reaching into this stability region predict jet stagnation/disruption and flaring FR I-like lobe structures. In addition, this curve predicts that low-power CSO and MSO sources, or any source that experiences a systematic decrease (or cessation) of jet power, could directly evolve into a stagnated FR I-like source.
Jet power continuity
The continued evolution of radio sources described above depend primarily on the continuity of the nuclear activity and the persistence of the jet. Theoretical studies indicate that short-lived compact radio sources and the intermittent activity of the central engine may be caused by a radiation pressure instability within an accretion disk (Czerny et al. 2009 ). According to these authors, a radio source powered by a short-lived outburst of the central activity is not able to escape from the host galaxy unless the active phase lasts longer than 10 4 year, which is typically the time required for the lobe to successfully pass the ISM-IGM boundary (see discussion in sections 2.3 and 4.6). The discontinuity of jet activity has been associated with the formation of FR I-like sources from CSSs because of intermittent and episodic AGN activity (Marecki Spencer & Kunert 2003; Kunert-Bajraszewska et al. 2006 ) and the death of CSO sources before reaching the MSO stage (Snellen et al. 1999; Gugliucci et al. 2005; Kunert-Bajraszewska et al. 2010) .
A reduction of the jet power results in the formation of a hotspot receding from the leading edge (and the entry point) of the lobe, the jet becomes more lossy because of increased prominence of the jet boundary, and the lobe develops an instability-driven (meandering) structure as in FR I galaxies. The emission spectrum of the lobe will steepen and the jet may develop surface instabilities. Further reduction or termination of the jet power turns the source into a low-power relic as it eventually dies in its current phase.
Recurrent jet activity will result in various FR I-like morphologies depending on the jet power and the time separation between subsequent events. During a lowpower interval, the lobe becomes more diffuse, the hotspot separation will also be retarded and the source moves downward in the P rad − D diagram. After re-ignition the retarded hotspot could again move to the entry of the lobe. A powerful recurrent source will expand its jet into the excavated channel of past activity and may exhibit a double-double morphology. Alternatively, restart in the jet along a different axis may result in X-shaped source. A long time separation between subsequent events (compared with the cooling lifetime) will make the source reappear as a new startup FR II-like source.
The size and velocity of the hotspots
The size of the hotspot results from a balance between the energy carried by the jet and losses from radiation and adiabatic expansion. The parametric solutions use a simplified assumption that the separation velocity of the hotspot remains constant during the early evolution Readhead et al. 1996; Carvalho 1998; Kaiser & Alexander 1997) . However, constant-velocity models may not be representative for observed source behaviour. Analysis of the hotspot size versus D relation shows that the observed hotspot size for CSOs has a different growth rate with arm length (as D 1.4 for D < 1kpc) than the larger MSO (GPS, CSS) and LSO-FR II sources (as D 0.4 for D > 1kpc), which also confirms the location of the ISM−IGM transition (Kawakatu & Kino 2006; Kawakatu et al. 2009 ). Because the change in size of the hotspot and the hotspot separation velocity are parametrically related, these rates suggests that the hotspot of CSOs should decelerate as v HS ∝ D −1 (for β = 0) and accelerate as v HS ∝ D 0.3 (for β = 1.5) during later phases. Under our simplified assumptions the v HS for the CSOs would decrease as D −2/3 during Phase 1 with constant P src (Section 4.1). The variation in the detected surface brightness levels for different observing arrays prevents a test of this relation using the CSO data in this paper.
It should also be recognized that the jet remains at least supersonic in order to generate a hotspot. If v HS continues to decrease linearly until it reaches the ISM−IGM boundary, the initial hotspot advancing velocity should at least be 0.3−0.5 c (see Kawakatu & Kino 2006; Kawakatu et al. 2009 ). Jet flows with velocities below this threshold become subsonic (of order 10 −3 c) before reaching the ISM−IGM boundary and these will die prematurely (see section 4.4).
Morphological Classification of Sources
The physical processes that determine the evolution of radio sources create a large variety in the radio morphological structure of radio sources. The following morphological types (Mtype) may be assigned to members of the family of extragalactic radio sources.
Mtype 2 double sources have energetic laminar jets with prominent wellconfined lobes but weak or invisible central core emission and weak or no intervening jet structure. They have well-confined lobes and prominent terminal hotspots at the leading edge of the lobe with a sharp edge-brightened morphology, that is indicative of a strong advancing shock. A low hotspot size−to−linear extent ratio indicates dominant radial expansion. Mtype 2 sources have sufficient and long-lived jet power and occur among the CSO, MSO, and LSO populations. Mtype 2 sources evolve along the evolutionary tracks in the radio power-size (P rad −D) diagram. FR II sources are the largest LSO sources within the Mtype 2 double population.
Mtype 1 flaring sources are characterized by lossy prominent jets, diffuse, diverging, and less confined lobes or flaring lobes, and hotspots located away from the lobes. Mtype 1 sources have jets where the boundary layer reaches the centerline (see section 2.3), which results in a low-momentum, flaring and/or meandering flow constituting the radio lobe. Mtype 1 sources exist among lower-power CSO, MSO and LSO sources that have reached the jet (in-)stability region in the P-D diagram (see Figure 1) . Mtype 1 MSO and LSO sources are the FR I sources with hotspots at < 50% of the arm lengths.
Mtype 3 dying sources experience cessation or reduction of the jet power, which result in the disappearance of the hotspots. The remaining radio structure continue its adiabatic expansion without the necessary energizing of the lobes. The sources becomes an expanding diffuse relic unless there is reactivation of the nuclear activity and re-formation of the jet. Among CSOs the short-lived central source activity results in flow instabilities before the ISM−IGM transition point, and the eventual dissipation of the lobe structure. MSO and LSO sources will retain their shape without a hotspot and continue to expand while radiating their energy away.
Mtype 4 restart sources experience a restart of nuclear activity or intermittent activity and the startup of jet power into the earlier excavated channels. Depending on the new jet power, the hotspot advances through the channel until it reaches the lobe entry and sets up a new shockconfined lobe within a larger existing lobe. Depending on the time interval between the periods of activity, the new lobe may be quite distinct from the relic lobe structure, as in double-double radio sources. Regular intermittent activity may results in a series of shock fronts passing through the lobe. X-shaped radio sources could also signify a restart of the central source with an different jet axis.
Mtype 5 obstructed sources have lower-power jets in the CSO Phase I and MSO Phase II that interact with the surrounding medium along its path, which results in hotspots and misaligned outflows (Lonsdale & Barthel 1986) , in analogy to the dentist's drill model (Scheuer 1982) or the frustration model, and significant sideways motions dissipating kinetic energy. A higher hotspot size−to−linear extent ratio implies significant sideways expansion/motions. The morphology of these sources will deviate from the straight twolobe picture to be expected from Mtype 2.
Mtype 6 core-jet sources have a small angle between the jet-direction and the line of sight. These sources appear as one-sided jet with enhanced radio brightness because of doppler boosting.
Mtype 7 trail sources are trail radio galaxies where the Mtype 1 lobe structures outside the ISM−IGM boundary are bent because of ram pressure resulting from the motion of the host galaxy throughout the intra-cluster medium.
Evolutionary scenarios
The long-term evolutionary tracks through the P rad − D diagram depicted in Figure 1 reflect the long-term Mtype 2 CSO-MSO-LSO double source evolution. All double radio sources will start out on such a track and they will continue to follow it as long as their jet power remains at the appropriate level. These evolutionary tracks also indicate that the Mtype 2 FR II double sources will naturally evolve into Mtype 1 flaring FR I sources, because they eventually reach the region of jet instability (see Section 2.3). This evolutionary path from FR II to FR I has been depicted graphically (blue arrows) in Figure 2 .
Cessation or changes of the jet power could happen at any moment during the CSO-MSO-LSO sequence. Mtype 3 dying sources undergoing a lowering or cessation of the jet power move downward (red dashed arrows) in the P rad − D diagram and may be found among the Mtype 2 double sources. Mtype 4 restart sources experiencing an increase in power will move upward in the diagram (black dashed arrows) to a higher power Mtype 2 source. Re-energizing a Mtype 3 source may again turn the source into a Mtype 2 double.
Mtype 5 obstructed sources with some signs of disruption may be found throughout the whole CSO-MSO region in the
All sources having reached the jet stability region are already destined to become Mtype 1.
The scenarios for radio source evolution presented here are distinctly different from those presented by ). These authors focus on the evolution from CSS to FR II and FR I and do not address the earliest evolutionary CSO stages considered in this paper. While the long-term evolutionary scenario for Mtype 2 sources is similar for the scenario in KunertBajraszewska et al. (2010) , the details and the origin of Mtype 1 sources is different. Because Mtype 3 sources occur naturally in the whole diagram, the formation of lowpower MSO-CSS sources does not (only) have to result from multiple interactions of a high-power CSS with obstacles in the host galaxy. Intrinsically low-power CSOs naturally evolve into low-power CSSs and also a reduction of the jet power in a CSO will result in a low-power CSS.
The CSO data sample
In order to compose a more complete sample of the CSOs for the purpose of a kinematics study, observations have been made of a sample of 10 CSO candidates without reliable proper motion measurements. The new observations were carried out at five frequency bands ranging from 1.6 to 15 GHz with the Very Long Baseline Array in 2005, and with a combined array of the Chinese VLBI Network (CVN) (Li et al. 2010 ) and the European VLBI Network (EVN) in 2009. The newly obtained data combined with the archival VLBI data made it possible to determine the separation velocities of the hotspots or to set upper limits for all ten sources . Six of these sources are identified as CSOs and one as a CSO candidate, which increases the sample of CSOs and candidates with known proper motions from 30 to 37.
The classification of CSOs is based on the morphology and spectral index criteria. A CSO is defined as a compact source (overall size <1 kpc) with two extended emission components on either side of a central flat-spectrum core. While the central core may be too weak for VLBI imaging, the presence of two extended components with steep spectra and edgebrightened morphology would be enough for CSO classification. The mirror symmetry of the proper motions of the hotspots and internal jet knots with respect to the geometric centre provides supplementary CSO identification. Core-jet sources have not been included in the sample, because their radio luminosity is affected by an (unknown) Doppler boosting factor. A known redshift is required to convert from projected angular size to physical linear size.
A sample of 46 CSOs with known redshift and size information has been presented in Table 1 . A total of 24 sources in this sample also have published CSO proper motion data for the purpose of a statistical study of the kinematic properties of CSOs. Table 1 contains the following entries:
Column (1) gives the object name. Columns (2) and (3) present the redshift z and luminosity distance D L , which are taken from the NASA Extragalactic Database (NED) and from the literatures.
Columns (4) and (5) Column (6) gives the angular separation velocity of the hotspot µ = θ AS /∆t, which is calculated as the rate of the separation of two hotspots over the time interval. For most sources, µ is determined as a relative separation velocity with one hotspot as the reference. For CSOs with a visible core, the proper motions of hotspots are calculated as the separation velocity of each hotspot with respect to the central core. When multiple measurements are available, the value with the least uncertainty has been used.
Column (7) gives the apparent transverse velocity in the source rest frame v in units of c obtained from µ: v = 0.0158µD A (1 + z), where D A is the angular size distance of the source in Mpc and µ is the angular separation velocity in mas yr −1 .
Column (8) presents the kinematical age in the source rest-frame, θ AS /µ(1 + z) or LS/v. Column (9) and (10) list the morphology classification based on the VLBI images and the reference for each object (see details of the morphology classification in Section 2.5).
Columns (11) to (13) present the flux densities S at 1.4, 4.8 and 8.4 GHz, respectively.
Column (14) presents the calculated turnover frequency.
Column (15) presents the spectral index α 8.4
4.8 between 4.8 and 8.4 GHz (defined as S ν ∝ ν −α ). A sample of seven CSOs were monitored using the VLA at 8.5 GHz and they showed little variability (mean rms of 0.7%) over a period of eight months (Fassnacht & Taylor 2001) . Other CSOs, such as OQ 208, display much larger flux variations (de Bruyn 1990; Stanghellini et al. 1997; Wu et al. 2012) . Quasi-simultaneous multiplefrequency flux density measurements of CSOs have been used preferentially from two available datasets: VLA A-array data at 0.3, 1.4, 4.8 and 8.4 GHz at three epochs during 1984 and 1991 , and VLA data at six frequency bands ranging from 1.4 to 43 GHz in ). For CSOs without simultaneous data, flux densities have been used from the Green Bank Telescope at 1.4 and 4.85 GHz (White & Becker 1992; Gregory & Condon 1991) and the VLA-A at 8.4 GHz (Patnaik et al. 1992; Healey et al. 2007) .
Column (16) lists the absorption-corrected radio power at 1.4 GHz in units of W Hz
. CSOs often exhibit inverted spectra with a turnover at a few GHz Orienti et al. 2007) caused by synchrotron self-absorption and/or free-free absorption (FFA). The observed flux densities in Columns (11)-(13) show an S 1.4GHz much lower than the 1.4-GHz flux density extrapolated from S 4.8GHz and the spectral index α 8.4 4.8 , which is in agreement with a spectrum turnover at frequencies higher than 1.4 GHz (Column 14). Since α 8.4 4.8 can be a reasonable representation of the optically-thin section of the spectrum, the 4.8-GHz flux density (S 4.8GHz ) and spectral index α 8.4 4.8 have been used to extrapolate the absorption-corrected 1.4-GHz flux density used for computing P 1.4GHz . Those sources with a turnover much higher than 5 GHz, the 8.4-GHz flux density and the spectral index between 8.4 and 15 GHz have been used Orienti et al. 2007 ).
Dynamic Evolution of CSOs
The smallest and youngest members of the radio source population are the CSO sources with linear sizes less than 1 kpc. All radio source must go through this stage where they are still submerged in the dense nuclear ISM of the host galaxy, which provides the strongest resistance against growth. The CSO sources occupy the left side of the radio power-size P rad − D diagram ( Fig. 1) and show a range of five orders of magnitude in radio power. Because the adiabatic losses dominate over the synchrotron losses for these compact sources, the P src remains larger than P rad until the ISM−IGM boundary radius a 0 . The morphological type to be expected during this early evolutionary stage ranges between Mtype 2 doubles, Mtype 1 flaring sources at the lower end of the P rad -range, shortlived Mtype 3 dying sources, and Mtype 5 obstructed sources.The dynamical properties of the CSO sample will thus provide essential information about the evolutionary stage of the sources.
The observable parameters that may be used to study the dynamic properties of the CSO sources are (1) the hotspot separation velocity (v HS equals twice the hotspot advance velocity) assuming the jets are ejected with the same velocity on opposite sides, (2) the overall linear size of the source (D), and (3) the radio power (P rad ), which will equal the total jet power P src at the ISM−IGM transition distance. The dynamic behavior of the CSO sources are subject to variation of the jet kinematic and radiative powers, the variation in the ISM and IGM density gradients, and the initial density as well as scale height. Projection of the source structure on the plane of the sky will lower the observed values of the projected source size and the hotspot separation velocity. The radio power and the kinematic age of the source are not affected by projection.
Modeling the CSO stage
The evolution of the lobes and the hotspots of sources during the CSO stage have been modeled assuming self-similarity and expansion into a fixed opening angle. Assuming that P src is constant during the CSO phase, this results in an overall momentum balance equation at the bow shock (Kaiser & Alexander 1997) :
HS (2) where P src is the source mechanical power and v HS is the hotspot separation velocity, assuming that the this velocity varies proportionally with the bow shock and lobe separation velocities. In addition, the linear extent D varies with evolutionary time t as (Kaiser & Best 2007) :
During the CSO stage, the radio power is less than P src and varies as (Kaiser & Best 2007) :
The proportionality constants in these equations depend on the properties of the ISM and the power of the source as presented in the above references. The above equations with β = 0 may be used to describe the dependences of the observables presented in this paper, these being the distance of the lobe D, the hotspot (or lobe) separation velocity v HS , the observed radio power P rad , and the evolutionary time t measured as 'kinematic age". 
Radio Power versus Linear Size
More powerful sources should be larger for a certain evolutionary age. However, there is no uniform relation between radio power and source size. The modeling results (Section 4.1) suggests a P rad ∝ D 2/3 relation depicted as dashed arrows in Figure 3 . This relation reflects the increase of the conversion efficiency from the kinetic power of the jet to the radio power as sources get larger and synchrotron losses increase. The spread in the data follows from variation of the source power P src and the ISM density structure. Projection effects would shrink the apparent source size and move a source to the left of the diagram.
More powerful sources can indeed be larger but they may also be older. The Fig. 4. -Variation of the CSO radio power versus the hotspot separation velocity. As a group, the sources with higher v HS generally have a higher radio power P rad and also a higher source power P src . Individual sources are predicted to evolve from highv HS and low-P rad to low-v HS and high-P rad with time as P rad ∝ v relation between the source size and kinematic age in Figure 7 -b confirms that older sources are in general larger in size. The lower power sources (squares) reveal this trend in Figure 3 . High-power sources (circles) show a different distribution, possibly resulting from source selection effects, but they may still behave according to the same relation.
The radio power is the measured quantity, while the physics of the source is determined by the source power P src . Because P rad would equal P src at distance D = a 0 = 1 kpc, an extrapolation using P rad ∝ D 2/3 to this point will provide an estimate for the source power P src .
Radio Power versus Hotspot Velocity
More powerful sources should have larger hotspot separation velocities for a given environment and a given age. However, the diverse environments and ages of the CSO sample cause a spread in velocity in Figure 4 . A simple relation following from momentum conservation and the variation of P rad with D (Sec. 4.1) suggests that a source with fixed P src varies as P rad ∝ v −1 HS , i.e. a source with a given P src will evolve to larger P rad and smaller v HS until it reaches the ISM−IGM transition point. As a group, the CSOs with higher v HS also have higher P rad , because of their higher source powers P src .
Hotspot Velocity versus Linear Size
The dynamics of the evolution of the radio source within the varying ambient environment should be well depicted by the variation of hotspot separation velocity with projected linear size. The v HS −D variation should be indicative of the validity of the parametric similarity solutions.
Modeling predicts that the hotspot separation velocity should vary as v HS ∝ D −2/3 for a source with constant source power P src (Fig. 5) . The separation velocity of an individual source expectedly decreases as the source becomes larger. The D −1 dependence derived from the variation of the hotspot size is also consistent with these data (Kawakatu & Kino 2006; Kawakatu et al. 2009 ). As a group, the more powerful sources with faster moving hotspots will also be larger. This property may be represented by a v HS ∝ D 2/3 de- pendence.
As discussed in Section 2.3, for a radio source evolving along the primary evolution track from CSO to CSS and to FR II stage, the hotspot separation velocity must at least be supersonic at the transition ISM−IGM transition point (Kawakatu & Kino 2006; Kawakatu et al. 2009 ). This means that a (survivor) CSO should lie above the (dotted line) v HS ∝ D −2/3 threshold in Figure 5 . CSO sources currently below this threshold are Mtype 1 flaring or Mtype 3 dying sources. 
Variation with Kinematic Age
The hotspot separation velocity, the linear extent, and the radio power of the source all vary strongly with kinematic age (or evolutionary time). Modeling results assuming a constant jet power P src during Phase 1 predict an increase of the radio power with evolutionary time P rad ∝ T 2/5 kin (Sect. 4.1). This relation may explain the data points using the grouping in the power levels (Fig. 6) .
The hotspot velocity shows a large spread and are consistent with a decrease with Kinetic Age in Figure 7a . Modeling predicts a v HS ∝ T −2/5 kin evolution for a source with fixed power P src and deceleration for the hotspot with time for CSOs.
The linear size of a CSO naturally increases with the Kinematic Age as is manifested in Figure 7b . Modeling predicts that D ∝ T 
Spectral Index versus Time and Size
The spectral index will vary strongly when a CSO evolves from (smaller) adiabatic expansion dominated sources to (larger) synchrotron-loss dominated sources. Synchrotron self-absorption will dominate for these small-size CSO sources. Modeling of the radio properties suggests that the spectral index for CSOs should be close to unity (Sect. 2.2).
In the diagrams of Figure 8 , the spectral index α 8.4
4.8 , defined as S ν ∝ ν −α , is plotted against kinematic age T kin and source size D. The spectrum becomes steeper for larger kinematic ages and linear sizes as the synchrotron self-absorption opacity gradually decreases. Both diagrams display this expected general increase from α = 0.3 to unity during the CSO stage. Sources that do not follow the trend include a single (relic) source above the distribution and four High Frequency Peakers with a very high turnover frequency (ν to >5 GHz) below the distribution.
The spectral index for the CSO sample presented here is taken in the opticallythin part of the spectrum above the turnover frequency of the sources, which decreases systematically with sources size (O'Dea 1998). The observed range of of spectral indices above the peak for samples of CSS and GPS sources is α = 0.5 − 0.9 (O'Dea et al. 1990) , which partially overlaps with the CSO range. The same range was derived for the spectral index above spectra peak for GPS and FR galaxies, suggesting that particle acceleration and energy loss mechanism preserve the same average spectral index over most of the lifetime of the source ). Variability of the spectral index has also been associated with the HFP sources and to identify truly young sources ).
The observed evolution of the spectral index of the CSO sample confirms the (expected) systematic change as the source gets older and larger, which is explained by the shift of self-absorption to lower frequencies. The youngest CSO and HFP sources have the flattest spectrum. The observed CSO trend should continue into the MSO stage, where it should level off to continue with a (α = 1) steep spectrum.
Statistics of the CSO sample
This unbiased sample of CSO sources used in this paper is found not to be uniformly distributed in power, age and size. In general, the CSO phase represents a short episode in the life of a radio source and a uniform distribution of CSO sources of all ages would produce a flat distribution with age. However, the histogram of the Kinematic Age shows a steadily decreasing distribution (Fig. 9) , which suggests that some CSOs will not become old. The halfwidth of this distribution is on the order of 1100 years. The relative excess of young sources confirms the earlier results of (Gugliucci et al. 2005; An et al. 2012) .
Similarly, the histogram of D shows a decreasing number of sources having larger sizes (Fig. 10) . Projection effects can not be the cause of this distribution because for a randomly oriented sample, the probability for a source to be close to the plane of the sky is much larger than for it having a large inclination angle (i.e, pointing at the observer). The probability distribution for a distribution with random inclina-tion angles and a given size D increases linearly until it reaches D (a triangular distribution). Similarly, a uniform distribution with random source sizes would also give a flat distribution if all grow larger into CSS sources. The observed D distribution indicates a halfwidth of about 100 pc for the D histogram. The flat distributions at higher D and Age suggest that sources older than typically 1100 years and larger than 100 pc have a better survival rate and will evolve beyond the CSO stage.
The excess of sources at small sizes and Kinematic Ages indicate that a significant fraction of CSO sources does not continue to evolve beyond the CSO stage towards the MSO stage. This depletion of CSOs may result from reduction/cessation of the jet power and the ensuing instabilities, or from total termination of the nuclear activity after a short activity period. In addition, any recurrent or periodic ejection of emission components would result in the re-excitation of an existing lobe cavity created during earlier outbursts but even such sources may not grow into Mpc-scale doubles. This implication is supported by CSO observations showing sub-pc-scale extended relics, for example, 1511+0518 and OQ 208 (? Wu et al. 2012 ).
Transient CSO sources
Inspection of the source morphology using the above considerations of a larger sample of 46 CSO sources with highdynamic-range VLBI images from the literature suggests that only 13 (29%) sources are Mtype 2 double sources with wellconfined hotspots at the leading edge of the lobes. Similarly within the current sample of 24 sources with kinematic data, a total of 7 (also 29%) sources have such a well-defined Mtype 2 signature. The remaining sources show decaying structures with prominent jets, hotspots before the lobes, and diffuse or disrupted lobes. Several sources may even qualify as Mtype 3 radio relics.
In principle, the evolutionary characteristics provided in this paper would also allow the identification of the evolutionary state of the CSOs. For instance, the largest sources with the lowest expansion velocities could be precursors of Mtype ,1 flaring or Mtype 3 dying sources (in Fig. 5 ) and a high separation velocity at a high age may indicate survival of the CSO stage. However, the sources in our sample classified as Mtype 2 doubles do not present any clear tendencies or systematics in the evolutionary diagrams of this paper. Therefore, the current evolutionary data do not (yet) provide discriminatory guidance about the chance of survival of an individual CSO and its morphological classification.
Transient behaviour
The long-term AGN duty cycle of 10 7−8 yr is generally thought to be induced by major mergers and long-term accretion events. However, the current data suggests that a significant fraction of the CSO population consists of short-lived radio sources with a typical lifetime less than 1000 years. Similarly, histograms of GPS and CSS source sizes show flat distributions followed by a steep distribution for FR I or II sources (O'Dea 1998). Therefore, some GPS and CSS sources will not evolve into classical doubles and instead become transient or frustrated . A strong similarity may thus exist with X-ray/optical/radio transient events in AGN resulting from tidal disruption of stars close to the supermassive black hole (SMBH).
Short-term AGN duty cycles of ≤ 10 4 yr may result from transient nuclear accretion events or instabilities in the accretion disk. CSO radio power of 10 27 W/Hz (at 5 GHz) can be sustained by SMBH accretion when the accreted mass is:
where ∆T is the time interval in years, α ≈ 0.1 represents the accretion efficiency with half the available mass accreting, and η ≈ 0.01 represents the overall conversion efficiency from accreted energy to radiative energy. A medium power CSO would thus require about 150 M for a 100 year transient episode. Such numbers make source transience more plausible and may account for the disappearance of young CSOs.
Conclusions
In order to classify the energetics and morphology of CSOs and other radio sources, seven morphological types may be identified that also incorporate the large-scale FR I and FR II phenomenology. Lower power Mtype 1 flaring sources are FR 1-like sources that show symptoms of jet decay, loss of power, diffuse lobes, or large-scale jet instability. They exist below the transition region in the P rad − D diagram, unless they are re-energized. Higher power Mtype 2 double sources are FR IIlike sources with efficient (often invisible) jets and well-confined hotspots and lobes. Such sources will follow the complete evolutionary path in the P rad − D diagram until higher D. Once an Mtype 2 source reaches a stage where the jets become unstable, either by growth of instabilities or because of insufficient power, this Mtype 2 source turns into an Mtype 1 source.
Cessation or intermittency of jet power can happen during any evolutionary stage, and a Mtype 3 dying source will move downward in the P rad − D diagram (see Fig. 2 ). Therefore, throughout the whole P rad −D diagram there may be Mtype 3 dying sources as relics of burned-out sources.
Mtype 4 restart sources re-energize Mtype 3 dying sources or even low-power Mtype 1 flaring sources. The morphology of the Mtype 4 restart sources will depend strongly on the state of the sources before the startup. The morphology will differ strongly if the restart occurs in an Mtype 2 double source or in an Mtype 3 relic source. Xshaped radio sources would also fit in this morphological type. Mtype 5 obstructed sources occur among the CSO and MSO population and show evidence of blockage or bending of the jet flow, an example is the CSS 3C 48 . Mtype 6 corejet sources are subject to strong projection effects, while host galaxies of Mtype 7 trail sources have a significant motion through the intra-cluster medium.
CSOs show a compact-double radio structure that is analogous to classical extended doubles, although their sizes can be as much as five magnitudes smaller. The morphological similarity among these radio sources invokes an evolutionary scenario from CSO via MSO to LSO. Their evolution is characterized by the relations between radio luminosity, the separation distance of the two hotspots, the advancing velocity of the hotspots, and the age of the source. The observable properties of small-scale CSOs illustrate the factors that govern their dynamical evolution and eventually their fate, and the information of the physical properties of the ISM of the host galaxies on sub-kpc scales. For the purpose of a dynamic evolution study, an unbiased but incomplete sample of 24 CSO sources has been selected solely on the basis of the availability of redshifts and hotspot separation velocities.
Self-similar evolution models have been used to depict the dynamic evolution of extragalactic Mtype 2 radio sources in four stages i.e., CSO-GPS-CSS-FR II. The CSOs are in the earliest growing stage of radio sources where the radio power varies strongly with source size and adiabatic expansion dominates over synchrotron losses inside the ISM-IGM transition point where the radial dependence (β) of the ISM density changes. This distance falls in the range of 1−3 kpc but it can also be significantly larger. The initial CSO sample indeed shows systematic behavior that is consistent with self-similar model predictions (e.g., Kaiser & Best 2007) .
In all diagnostic diagrams using the CSO observables, the evolutionary path of individual sources can be parameterized by the predictions of self-similar modeling, assuming that the source maintains a constant jet power. According to these models an individual CSO increases its luminosity with evolutionary time and with size until it reaches the ISM−IGM transition region. Individual sources have a decreasing separation velocity with increasing power, with evolutionary time, and with size until the ISM−IGM transition. The sources systematically increase in size with evolutionary time.
The spectral index of the CSO sources changes from zero (flat) to unity (steep) during the course of their evolution until the ISM−IGM transition. This aspect is related to the self-absorption during the earliest stages of evolutions and is not covered by self-similarity models.
The CSO sample as a whole is not wellconfined, because sources with different jet powers and different environmental parameters are superposed in the diagrams. Nevertheless, the sample as a whole shows global variation that differs from the evolutionary path of individual sources. More powerful sources are larger and have higher expansion velocities, but cover the same range of kinetic age. Sources with higher expansion velocities are larger and larger sources are also older.
In these models the hotspot separation velocity of a CSO with constant jet power varies as D −2/3 within the β = 0 region. Beyond the ISM-IGM transition the velocity in the jet may increase again if the jet flow remains laminar and supersonic. A sources that do not fulfill these conditions will not have a sustained growth beyond the ISM-IGM transition.
The histogram of the CSO age estimates shows a lack of old sources, indicating that a significant fraction of CSOs will not evolve into MSOs and eventually LSOs. Sources with current age of >1100 years and size of > 100 pc would have a better chance of survival. Classification of the current larger CSO sample sample shows that only 29% of the sample have clear Mtype 2 double qualities and these are likely to grow further in size.
The dynamic properties and evolutionary behavior of CSOs represent both the youth and frustration scenarios. CSOs are naturally young radio sources at their early evolutionary stages. The CSOs with short-lived or intermittent nuclear activity and/or having lower-power can be regarded as frustrated or obstructed and will not evolve into full-size Mtype 2 double sources.
Further study of the dynamics of CSO requires a more complete sample of sources, because of the observational bias against the numerous high frequency peakers at the earliest CSO stages, particularly at higher power (compare Fig. 3 ). The most compact radio sources are only identified as CSOs when the radio structure is resolved at the VLBI resolution. As a result, only sources with a hint of mas-scale structure from earlier VLBI surveys have warranted follow-up observations. A systematic unbiased VLBI survey of a complete GPS sample would thus be necessary to identify the most compact CSO population. In addition, current CSO kinematic samples focus more on the high-power population and more sensitive VLBI observations of low-power CSOs are required for a complete view of the CSO evolution. 10 ; a : Source structure identifications are: Class I and disturbed structure, Class II structure, and CD for core-dominated. One source has also been classified as a High-Frequency-Peaker; b : For CSOs with a spectral peak higher than 4.8 GHz, the spectral index is calculated from the optically thin part of the spectrum above the turnover frequency and given in bracket; c : The 1.4 GHz radio power is extrapolated from the 8.4-GHz flux density and the spectral index α 15GHz 8.4GHz . The references are : A12: ; B04: (Bondi et al. 2004 ); D95: ; F00: (Fomalont et al. 2000) ; G91: (Gregory & Condon 1991) ; G03: (Giroletti et al. 2003) ; G05 (Gugliucci et al. 2005 24
